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ASSOCIATION NOTES 


IHtE MECHANICS OF NOTCH BRITTLE FRACTURE 


approach has been made to the solution of this 
lifficult and important problem by Dr. A. A. Wells 
the British Welding Research Association, and a 


ef account of the work done is given below 1 more 


omplete report of the work on this subject is being 
repared and should be 


avallable soon for publication in 
/ 
lrournal 


urring along the propagating crack. If it were 
B.W.R.A. theoretical studies of heat flow. in 
stance we'ding showed that temperature waves, of 
litude ¢ €, would move outwards from the 
instant of fracture, since heat 

1 the plastic flow. Thermocouple 

ntirmed the existence of these tempera- 

the oscillograph record tn fig. 1 

epparent surface energies were 

be compared with measured 

1 bar with deep and sharp sym- 

hes, the Griffith formula for the 

init thickness of plate, was found 





P = «/~ ESa 


ings modulus, S is the surface energy, 
width of the plate at the narrowest notched 
Measured breaking loads of fifteen speci- 
mens notch brittle steel sharply notched to different 
depths het ted against , 2aS. as also derived 
from ympare well with the theoretical 
m the formula above, when a value 
E is used. (See fig. 2) 

> extreme breaking loads, where 


learly showed that the energy 
rate the brittle fractures came entirely 
Stic strain energy in the plates, and 
loads. The ability of residual 

rgv to the propagation of brittle 


+ 
i temperature wave adjacent to 
brittle fracture, 

cracks was thus dem 


nstrated. It was also clear, however, 
that the app 


surface energy was not a constant for 
the teria ‘ n Griffith's case of a truly 
) > mate nother eriterion had therefore to be 
ition of brittle fractures 

ence for the acceptable criterion of initiation was 
eventually found from the results of static tensile tests 











P TON/IN Thickness 
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on notched plates, from 1” to wide, published by 
seven investigators in the U.S.A. and Great Britain. The 
notches in these tests ranged from plain sawcuts to 
deliberately introduced fatigue cracks. It was found 
that in no case was the breaking stress on the minimum 
notched cross sectional area less than the yield point 
of the material. The bowest breaking stresses were for 
those specimens whose width was large compared with 
their thickness; other specimens, of width thickness 
ratio approaching unity, and above, showed 


average 
breaking up to double the yield 


point 


stresses 


ULTIMATE 
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Fig. 2. Relation between measured surface energy and breaking 
loads for externally notched specimens, 


Comparison of these results with those from experimental 
and theoretical studies of plastic flow in notched bars 
then showed that these were the stresses at which a 
plastic zone would first extend, from the notch root, 
right across the notched area, and plastic extension of 
the plate as a whole would be possible. The thin plate 
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case corresponded with plane stress, when no ¢ 

of stress could exist across the thickness, and the 
piate case represented plane strain, when no def 
could exist across the thickness. For the latter 
general yield would be predicted at an average 
on the notched area of (1 +) umes the yield point, 
this being defined as in the usual tensile test 


ent 
thick 
ition 
Cause, 


Stress 


The significant feature of general yield is that it is 
the point at which large plastic strains are first allowed to 
occur at the root of the notch While a continuous 
elastic zone still exists from top to bottom of the plate, 
general yield and extensive plastic flow at the root of 
the notch are both inhibited. This point was readily 
demonstrated by means of a small gauge length extenso- 
meter placed near the root of a notch, on a notched p‘ate 
for which a load extension curve was also determined 

Now, the true at the instant of failure of an 
ordinary tensile specimen of mild steel of usual ductility 
is always three or more times the yield stress, and yet 
this is insufficient to cause transcrystalline, or brittle, 
fracture. Moreover, the plasticity studies preclude the 
possibility of existence of any stress greater than 
(1 ;) times the yield, when general yield of a notched 
specimen occurs without simultaneous strain hardening 


stress 


The conclusion from these several observations is that 
strain hardening at the root of the notch, following the 
considerable increase of strain at the onset of general 
yield, is an important mechanism by which the stress ts 
allowed to concentrate to a value sufficient to start brittle 
failure Whether the brittle failure then continues, 
depends on the availability of elastic strain energy to 
maintain the process along the advancing crack 


It would be unwise, immediately to generalise these 
results to complicated structures, and those containing 


welds, with resultant extensive residual 


stress systems 
not eliminated by stress relief 


In spite of this, the results 
are reassuring in special cases at atmospheric tempera- 
tures, and with the mild steels showing usual ductility in 
the tensile test. Where stress relief has been complete, 
it would appear that external loads giving rise to average 
Stresses exceeding the yield point are necessary before 
brittle failure can take place, even if notches are present 
Commercial structures are usually designed to avoid 
stresses of this magnitude in any case, so that 
ought to be assured by adequate stress relief 
versely, 
fractures 
are absent, 


safety 
Con- 
it becomes possible to understand why brittle 

may occur, even where external 
since it is well known that the reaction 
Stresses due to longitudinal and transverse contractions 
at fusion welds frequently exceed yield point magnitude 
The formation of sufficiently sharp notches or natural 
cracks to cause brittle factures at lower than yield point 
average stresses, with static loads, may be possible, but 
has certainly yet to be demonstrated 


loads 








EXPERIMENTS OV BRITTLE FRACTURE 


Lhe following report of work done on behalf of the FE.AG 
Committee of the British Welding Research Association 1s 
being made generally available because of the importance of 
the results achieved. This report ts a preliminary statement 
of the experimental results, and further work ts clearly to be 
envisaged before the full implications can be said to have 
heen adequately proved experimentally The Committee, 
and particularly the author, would wish this situation to be 
understood, 


By R. Weck, Ph.D 


SUMMARY t ) taundard tensile test carried 


e tests in which itt ul it mperatut S perfectly satistactory, but 
ander condition imstances, break without 
produce very high deformation This type of 
welded assemblies were slow rower temperatures, under 
cooling was then continue: Static r imps oad and starts trom a notch or other 
to temperatures in the vicinity fiscontinuity eed Of propagation of the fracture ts 


ranges of the materia ised high, so irs to take place suddenly. The fractured 
surtaces uta typ easily recognisable, coarsely crystal 


line appearar should not be mistaken, though it 
sometimes ts, for fa failure, with which it has nothing 


in commot lk absence Of any visible signs of 

open hearth datoriiats 
sith a low 

Such t tures have been experienced with welded 

hivh tensile chromium Steel str ures more trequently than with riveted structures 

lures ts that they 


‘ 
’ 


One commor a teristic of these f 


grain size and low Izod al 


appear 1 Ki rred spontaneously in the sense that 


‘ ‘ the struc was carrying either normal service loading or 


pecimens consisting of a 


llel to the butt wel even Only a of the design load. The Hasselt and 
tiie 4 ¢ ul weld 


' Herrentha . dbridy in Belgium and the Hardenberg 


fual stresses introdt 


iced in the ' P ( 

Strasse a idersack Widges in sermany, for instance 
brittle fracture in. the 
broke when tt ridges carried no traffic: the American T.2 


e¢ below the transition 
Tanker dv and Fess Vianhatten broke in 


inve was determined 
fetined. In the tin two, the ! vater when subject to a maximum 
UCTINe Ne Tine 3 
{ t prod britt +8 tons per sq.in., and the other at sea 
es did no roduce brittle : 
rely hamm { tO a calculated stress Of SS tons per sq.in 
Vere severe ammeres 


e case below, and in ther t has nov that welding may introduce very high 
ransitton ranve, as determit i resid tresses was natural therefore that these failures 
should have been attributed to residual 

t residual stresses may produce t ined to be explained, however, why the 
le presence of 


insition temperature ’ . therwise appeared to be a perfectly 


tt notches on ract ! they were due to residual stresses, should 


he transition tempera 
of notches, will not inevitably ' on wl of thought who believe that it is a 
residual stresses to produce brittle 

actu i li It is agreed that residual stresses 
INTRODUCTION t at certain points and that plastic 
occur there because the octahedral 

shear stress \ be too small to produce plastic deforma- 


erial was exceeded 


expenenced with steels hose tions betore the tracture streneth of the mat 








Whuilst it cant 


woe ldo 
S iype could ove 


DV the principal normal stress 
that residual stress systems ol 
! undeniable that 


quence ¢ welauing, il Is equal 


ry TY ' et ry 
Systems wust needs De cv 


for instance, to the immediate vicinity of 
This 


small 


areas 


Tee connections view may explain the occurrence cf 


comparatively localised cracks, but not th 


fractures which have certainly passed through ma 


such triax Stress systems could not be supposec 


been present by any stretch of imagination 


There s another school of thought claiming 


properties of the material are changed by the presence 


residual stress systems, such as are created by 


that 


ductile material 


complex 


welding, so residual stresses embrittle an otherwise 


During recent years it was recognised that brittle fracture 


{ 
in steel can be produced by static external loading, provided 


that a notch is present and that the temperature of the n 


is lowered to below what ts called the transition range the 


ateria 


Steel, where this transition range again depends not only 


on the material and its thickness, but also on the severity 


of the notch and the straining speed 


The demonstration of this fact at any rate disposed of the 


widely held belief that britdle fracture was a peculiar effect 


of residual stresses only. At the same time there remained a 


number of questions to be answered 


(i) Could residual stresses of such complexity and 


severity as are likely to occur in welded 
brittle 


transition 


Structures 


result in fracture, at temperatures above or 


determined by 


form of notch test, with or without external load, 


below the range as some 
a) without the presence of a notch? 
(>) in the presence of a notch? 
Will the presence of residual stresses facilitate brittle 
failure of assembly under external load, 
that an 
stresses would fail in a ductile manner 
to the 


temperature? 


any given 


given identical assembly free from residual 


when subject 


same load and when tested at the same 


Is the maximum load carrying capacity ¢ 


reduced by the preseace of residual stresses 


All these questions are, of course, related. The last one was 


discussed elsewhere! by one of the authors, where it was shown 
that as long as the material was suflictently ductile to fail by 
plastic deformation, residual stresses could not affect the 
ultimate carrying capacity of a 
and load 


If there are regions of reduced carrying capacity 


load Structure because 


residual stresses Stresses could net be additiy 


everywhere 
the residual stresses are augmented by the 


because Service 


stresses, there must necessarily be regions where the service 
stresses are of Opposite sign to the residual stresses and 
where, I 


therefore, the carrying capacity is increased by the 


same amount. This conclusion ts in entire agreement with all 
known experimental facts. The carrying capacity of a structure 
could be affected, however, if residual stresses could in some 
"way prevent the ductile behaviour of the material, because 
then the above argument on superposition does not neces 
sarily apply 


‘to this 


Hence the last question, therefore, is reduced 
1 


Have residual 
material? 


(iv) Stresses an embrittling effect on the 

This question is meaningless in the light of what is known 
now on brittle fracture if it does not mean that residual 
either shift the transition range towards higher 
temperatures or else that a less severe notch, which would 


stresses 


ordinarily result in ductile fracture at a certain temperature 
would suffice to produce brittle fracture at the same tempera 
ture in the presenve of residual stresses 


can De owl { tea 


experiments it Was 


he vield point of the mater 
he case of a simple butt 


straint, stresses of this 


be concluded fro.n thes 


ments that it was merely a question of refinement of meas 
nethods whether these stresses could be discovered or not in 


lar case. If an external load 1s superimposed the 


here they are already equal to the 


are not increased, because in the 


t notches plastic deformation sets in immeditely 
tt 


ng, even at temperatures some 40 deg. C. below the 


ion range of the steel as determined by Tipper tests 


stresses equal to the yield point 
brittle tracture 


nposed external load wou 


was shown that 
of the material co produce 
absence of notches uperi 
to the cross-sectional area of the 


point of the material bet 


have to reach a value equa 


plate multiplied by the yield 


vield point was reached throughout the cross section, despite 


the fact that stresses up to the vield point were present, before 


any external load was a | 


These experiments answered the question postulated under 


(1) (a) in the sense that residual stresses could not produce 


brittle fracture with or without an additional external load 


in the absence of effects and discontinuities, even at 


temperatures well be transition range of the steel as 


determined by notch-tensile tests 


Whilst the 


Previous experiments were 


residual stresses in the specimens used in the 
as high as they could possibly be 
and not of such 
intricate 


the specimens contained no 


the stresses, however, were only biaxial 


complexity as might occur in a 


fact that 


more Structure 


There was also the 


notches. It was clearly desirable to continue these experiments 


in a much more se m by using specimens containing 


notches and of su wtruction that the state of stress 


that 
possible be far 


should not only be least as severe as realised in 


Previous specimens, but should if more 


complex. The outcome of these considerations were the tests 


described in this report which are, therefore, a logical 


continuation of the pres 


that the 


experiments. It was expected 


new series of tests would at least give valuable 


pointers towards the solution of the problems postulated 


Three differe sels greatly differing transition ranges 


used in t esent series of Plates wer 
butt such 


were expermments 


jomned by severe as would 


restraint 
rarely be experienced i construction and which was 
certain to result in residua sses at least as high as those 
The specimens were 


peratures in the expecta 


y | he ‘ 
ireasured in the previous cents 


notched and cooled to ver 


tion that some cf them ind some of them would not 


fail spontaneously under influence of residual stresses 


ilone. In this way it hoped to simulate on a very small 


scale the catastrophic sponta 


cous fractures experienced in 


large structures, and it was expected that from these experi 
nt could be made of the part 


ow temperature notch sensi 


ments an approximate 
played in these failures 


tivity of the steel on the one hand and the residual stresses 


on the other 


TESTING PROCEDURI 
The 


ites 


thick 


weld, 


specimens consisted 0 butt welde 
prior to making the 


rigid 


two j7-1n 


pl which butt were securely 


welded to a very restraining frame in order to produce 
This frame 
machined 8 in. by 4 in billets 
The frame 


solid section and 


ery high residual stresses restraining was 


4 


‘ ana 


steel 
680 deg. ¢ 


consisted of two beams of 8 in. by 4 in 


bricated trom 


stress relieved for twelve hours at 


two columns of 6 in. by 4 in. solid section as shown in Figs 


lta) and Ih) 








@ 


C 

















2 in. and the other 
selded into the opening by heavy 
lth) 


drilling a in 


ce shown in Fig The larger 
ed by 
is extended laterally, parallel 


Wide 


its , in. deep and 4 in 


it atmospheric temperature in the 
er each of the two pieces of plate 
fyes to the frame and the whole 
) temperature. In order to avoid 
ones near the weld, all welding of 
was carried out at 190 deg. ¢ 
cools it contracts and reaction 
is a Consequence of the contrac- 
produce stress concentrations at 
The plate material was used in 
resses developed at right angles 


is, in the most unfavourable 


that used in the in- 
that the 
e and that, therefore, the stresses 


pared with 


tioned, it will be seen 


t have been at least as severe 


yrevious investigation which were 
nt of the material 


{Ri 

















24 in 


semi-circular 


stiffener 1 in. thick and 
l(b). A Th in. diameter 
hole was provided in the stiffener in order to facilitate the 
the butt This stiffener was welded by fillet 
the frame and to the plate, prior to making the 
to within approximately | in. of the notch in the 


of the plate a central 


deep as shown in Fig 
making of weld 
welds to 
butt weld, 
plate. The fillet welds were not extended right up to the 
notch so as to avoid setting up initial compressive stresses 
at the edges of the saw cut before the butt weld was made 
By stopping the fillet welds of the stiffener in front of the 
hole, tensile stresses would occur at the bottom of the saw 
The stiffener also effec- 
length of the specimen so that 
these stiffeners have been welded in, 
severe restraint. There would also be 
present in the vicinity of the fillet 
connecting the stiffeners 


cut, before the butt weld was made 
tively shortens the “free” 
the butt 
will be 


triaxial 


welds, after 


under very 
stresses welds 

When welding of the specimens was completed and the 
whole assembly had reached room temperature, it was placed 
into a cooling chamber consisting of a double-walled wooden 
box with slag wool between the walls for insulation and with 
a metal trough at one end to contain the cooling mixture 
A small fan was arranged at one end of the trough to circulate 
The arrangement is shown in Fig. 2. The 
and plate were placed in this 


the cooling gas 


restraining frame welded 





zases. Nc 


on the 


the CO, 1 d innel passing throug 


box n 3. By switching on the fan the cooling 
kuses we circulated round the heavy restraining trame 
This arrangement enabled the whole assembly to be cooled 
down ver Slowly at a controlled rate Thermocouples 
were arranged to contact insulated positions in the heavy 
restraining fr and the }-in. plate at the position of 
the drilles le with the saw slots. A gramophone pick-up 
provided with a long needle connected to the weld, and an 


amplitier and loud speaker were arranged so that any noise 
indicating the occurrence of a crack could be easily detected 


This was not used after the first test because the report 


accompanying the crack was audible without the pick-up 


and loud 


speakel 

Some difficulty was experienced in making the butt weld 
with the first electrode that was tried, called electrode A 
in this report. The butt weld cracked with several hot cracks 
and for the second and further specimens another electrode, 
called electrode B in this report, was used. With this electrode 
no serious hot cracking trouble was experienced. The hot 
cracks in the first weld were rewelded and no further hot 
cracks were seen on the surface after this had been done, 
although after the specimen was cut up some hot cracks were 
found as ts shown in Fig. 4. Hot cracks were also found in 
the specimen of Test 4, which was welded with electrode B 
as is shown in Fig. §. No hot cracks were found in Test § 


which was welded with preheat as can be seen trom the macro 


section in Fig. 6 


MATERIAL USED INO THE TESTS 

The tests were carried out with three different materials 
Their chemical analyses are give Table | and the 
mechanical properties for the materials in the condition in 


which they were used are given in Table I 


Fig 4. Photomacrograph of 


yresence 


cracks 


weld 





it centre of weld 


preheat 


No hot cracks 








WELDING 


Grain Size 

MATERIAL | in. thick plate material drawn from 
stock. It had a coarse McQuaid-Ehn Grain Size greater 
than |. A photomicrograph of the material in the as-rolled 
condition in which it was used for the tests is shown in Fig 
2 was a low-carbon, open hearth, aluminium 


was } 


MATERIAL 2 
killed steel. The McQuaid-Ehn Grain Size was fine, 9 to 6, 
and the material was used in the normalised condition 
shown in the micrograph, Fig. 8 

MATERIAL 3 was a high yield point, weldable, chromium 
The McQuaid-Ehn Grain Size of this 


as 


molybdenum steel 
material was also fine, 8 to 9, some 7. The material was used 
in the as shown in the micrograph, 
Fig. 9 

Izod Transition Temperatures 

Curves for the variation Izod 
temperature for the three materials obtained 
standard 10 mm. by 10 mm. Izod specimens cut longitudinally 
with the grain of the plates. These are reproduced in Figs. 10, 
Il and 12 

The stock plate material, Material 1, 
drop in Izod value between ~ 30 deg. ¢ 
without a definite transition 

The low carbon, open hearth, 
Material 2, shows a high value down to a temperature of 

40 deg. C. A marked drop then occurs and low Izod 
values are reached for SO deg. C. The transition range of 
this steel therefore lies between 40 deg. ¢ SO deg. ¢€ 

The weldable, high yield point, chromium-molybdenum 
steel, Material 3, shows high Izod values down to — 60 
deg. C., the transition range this between 

60 deg and 90 deg ( 

It would have been desirable to determine the transition 
temperature ranges of the three materials also by means of 
notched tensile tests 
it would have required a series of notched tensile tests at a 
number different temperatures for of the three 
materials 


normalised condition 


ot impact values with 


were on 


shows a gradual 
and — 20 deg. ¢ 


aluminium-killed steel, 


and 


for Steel lying 


This, however, was not carried out as 


ot each 


Photomicr@graph of j-in. plate (Material No 
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Phosphorus 
Sulphur 
Silicon 
Manganese 
Carbor 
Copper 
Nickel 
Chromium 
Molybdenum 
Arsenic 

Tin 
Nitrogen 
Aluminium 
Alumina 


Table II. 


Mechanical Properties 


Limit of proportionality 
(tons sq.in.) 

Yield point (tons sq.in.) 

Ol per 
Stress (tons sq.in.) 


cent. proof 
0-2 per cent. proof stress 

(tons sq. in.) 
0-5 per cent 


(tons sq.in.) 


proot stress 


Ultumate tensile strength 
in} 


+ \ A (per 


(tons sq 
Elongation 
cent.) 
Reduction 
(per cent.) 


ol Area 

Vickers hardness 

lvod 20 
(tt 


deg. ¢ 
Ib.) 


Fig. 8. 


killed tine 


Ma 
ner 


MATERIAL | 


Mechar 


Analyses of Materials 


Mareriat 2 
(per cent.) 


ERIAL | 


cent.) 


0-046 
0-049 
O91 
0-66 
0274 
0-04 
0-078 
Nil 
Nil 
0-054 
0-004 
0-006 
Trace 
Trace 


O-OIS 
0-025 
0-053 
0-455 
0-132 
0-156 
O113 
0-061 
Nil 
0-043 
0-017 
00065 
0-024 
0-012 


vical Properties of Materia 


Mareriat 2 


steel. (Material No. 2) 


MATERIA 


(per ce 


0-030 


O0%4 


0-255 
0-045 
0-022 
00-0065 
0014 
0-009 


Is 


MATERIAL 


Photomicrograph of low-carbon open hearth alumir 


; 


3 





é 


Notched Tensile Tests 


however, was carried out with 


in the tollowing manner 


wide by | in. thick were 


in. plate material. A sharp 45 deg 


vas milled in one edge, the specimen 


ton tensile testing machine; a thermo- 
th 


notch, the leads being carried 

ilong one of the edges. This groove 

which shows a specimen cut from 
fracture at 11 deg. ¢ 

big. 14 was arranged to 

that the material could 

above and below the 

the specimen at room 

oximmiately ton per sq.in. below the 
nd in the sta rd tensile test recorded 
» mixture was then introduced into the 


slowly cooled the specimen to 


deg. ¢ 
leg. ¢ 
64 dex. ¢ 


re occurred in any of the 


al | the load was gradually increased 
tons per sq.in. on the net area of the 
the temperature corstant at 11 
ire suddenly occurred with very little 
at the root of the notch, otherwise the 


cent. erystalline, as shown in Fig. 13 


he load was gradually increased until the 
ross-section reached 26-5 tons per sq.in 
ture constant at 43 deg C.. when the 


tore across from the notch giving a 
icture, as Shown in Fig. 15 (lower half) 
vad was gradually increased until the 
reached 26-2 tons per sq.in 

constant at 64 deg. ¢ 

*n tore slowly starting from 
7 


ce ductile tracture, as 


one may conclude that 
mperature as deteria 


above 11 deg. ¢ 





Notched tensile test piece in testing machine 
Notched area surrounded by cooling bath 


Fig. 18 (below). Notched tensile test pieces of Material No. 2 
(lower) and Material No. 3 (upper) after test. Ductile failures 
ait 43 deg. C. and — 64 deg. C. respectively 
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Materia 43 degC. and 64 dex ¢ 
respectively ely that these hgures would be somewhat 
higher if the kness had been used in the notched 


tensile tests 


RESULTS OF EXPERIMENTS 


First Test Material 1 


This test piece from coarse grained steel and 


without stiffener OW 


in Fig. 2 placed in the cooling 
into the cooling chamber where 
60 deg. ¢ 


range of the 


chamber. It was inserted 


it was 


slowly cooled to a temperature of which 


was very far below the transition material 


Ihe reduction in temperature was very gradual so that no 


thermal stresse in addition to the welding stresses, should 


irisen during cooling because of differences in tempera 
between frame and plate. The specimen was held at — 60 


€. tor about one hour but no cracks occurred 


Second Test Material | 


This test piece, as all the following test pieces, was rein 


forced with stiffener hown in Fig. 16 and presumably 
contained more sever 


One 


1 complex residual stresses than the 
first specimen ifter the butt weld was completed 


slowly in the 


the specimen wa ! 


Suda 


Same manner as 


{ 


specimen | fracture of the specimen occurred 


spontaneously { report, starting from the saw slots 


at a temperatur t leg. C. as measured by a shielded 
the stiffener 


this had only 


thermocouple place the hole in Because 
of the larger trame cooled to a 


temperature « 
{ 


so that there was a temperature 
3 deg. C. The plate 
somewhat more than the trame 


Herence betwe plat ind trame ot 


t tree wou 


Since the uned it could not contract more 


than the tr the result that the reaction stresses in 


the pl Wel grit ased during cooling. The stresses 


arising this temperature difference are 


biaxial ar nt ileulated as follows 


ev and vy directions in consequence 


ce T between frame and plate 


where is the ir coethcrent of expansion. The stress 


components R due to the temperature 


fifference, are ac strains 


On the sun ' it’ the rigid and 


and R 


ire change must be equal to those 


frame is. perfectly 


{ nfluence of the stresses R 


innot d 


the strains ¢ 


With 13 or sq 19. 10° per degree 


s due to a difference in temperature 


between frame and plate is obtained as 0-215 tons 


and for the actual temperature difference measured 


rit is O6S t per will be 


lower because the frame ts not perfectly mgid 


sq.in. In actual fact 
slightly 

The notched tensile test piece of this material fractured in 
means that the 
and may be 
the temperature at which brittle fracture 
be observed that 
well 


a brittle manner at 11] deg. ¢ which 


transition 
9 deg. ¢ 


of the 


temperature lies above Il deg. ¢ 
which 1 
occurred. It will 
brittle fracture 
30 deg. ¢ 


the Izod impact value begins to fall away 


welded specimen 


the temperature at which occurred Is 


below the temperature ot at which temperature 
The crack starting 
the weld is shown in 


from the saw slots and running into 


Figs. 17 and 18 
Third Test) Material 1 
This 


second test 


specimen was identical with the one used in the 


except that the frame and weld were stored at 
room temperature for three days before being inserted into 
This specimen cracked spontaneously 
had 


frame a 


the cooling chamber 


when the plate material reached the 


temperature ot 


deg. ©. and the temperature of 3 deg. ¢ 


The result of the test w with that obtained in the 
second test 


Fourth Test) Material 2 


This specimen was 
tests Nos 


had a 


identical with the specimens used in 
2 and 3, except that the material was different and 
transition below 43 deg. ¢ This 


but no cracking was 


temperature 


specimen was cooled to 65 deg. ¢ 


observed. It h after 
chamber 
for one-and-a-half 
then 


been stored for twenty-four hours 


being into the cooling 
65 deg. ¢ 


the cooling chamber 


Welding before nserted 
It was held at a temperature of 
hours. The lid of was removed 
and the specimen was heavily hammered whilst being kept at 
65 dew. ¢ 


at 65 deg. C. for a further five hours and ther 


but no cracks occurred; the specimen was held 
gradually 
rose in temperature over a further ten hours 


Fig. 16 ¢/ w) 


The hole 


Second type of test plate with stiffeners 


ind saw cuts are covered by the stiffener 


. i Pee 
2 b 


+ bak 


o 











Fig. 17. Crack in Test 2, stiffened specimen, Mater ) commencing from saw ¢ I nning into weld 


Fig. 18. Crack in test piece No 





hifth fest Material 4 


pec 
ht have 
had the 


0 


he Izod 


DISCLSSION OF RESULT 


neal 
welded ! “d spontane 
\ 1 of Material 3 a ductile fatlure 

Nos m lded 
il des and the welded specimen 


mperature reached tn the 


AnOWwnN al re 
emembered that ires . 
‘ { Tha 43 deg. ¢ was not 





Ives © irred withou t \ 
: — . , ra r indication to be obtained. It 
er than ynsidera ' 
a 1 Oe ide ld have been obtained tf 
some Value I } 
: out with the full thickness 


the tasure 


( between the failing 


No. 2 and specimen No. 3 may not 


be remembered that the plate used 


allowed to age for three days betore 
coolin that this accounts for the slightly 


higher ling iture 


however, from these experiments that 


notch toughness of the material is 


that the transition temperature range 


! setd 
shere the welding the mere presence ot residual stresses 


The # , vers ess severe notch would be required for 
I rat any given temperature than tn an 


in n \ t i \ 
. notch ter or Izod test. The res of these 

vat residual stresses do not embrittle 

produce brittle tracture but only 
‘ss conditions, and the only at 
the transition temperature range ot 


ments carried out the Admiralty 
nittee (cf. reference (7)), the specimens 
restrained as those in the present series 
wtween restrained edges was greater, the 


mens was smaller, the plates were thinner 

plates at right angles to the butt weld 
The restraining frame was also less 
n the present series of experiments 


ir less severe conditions ¢ restraint, 
Stresses i vield point of the material could be 
show! st in the immediate vicinity of the weld 
It ( ver. that these stresses, once the yield 


it any one point, could not be 


mposing external loading because of the 
If an external tensile load was 


at those points where the yield 
remained constant and only the residual 
eld point could be diminished if they 


augmented if they were tensile. In 





nore mp 
wre COMPile 


specimens Nos 


OSE illy \ ‘ " t a crack 
vield mnt wit tt rodu ? Sstres \ t that Si | stresses ca 
tne e ) I ’ der | t : ¢ ict | structures ¢ 

excess « > yield pm ‘ ( ie! \ lisco ties and at temperat 
necessary > as we ’ I it ‘ a notched tensile 

en itctly ame s sul 1 in A t or an Izod 
ue of energy ab 
a severe note 
tresses due to no 
ic load may be 


‘ \ i t emperature of the 
were ) q Id } ) ' 


ra nt perature. The fact that sp 
fracture u I - in resic ‘ { i not f ow temperatures when se 
when the , 


} i t may b ndicate that the prese 
brittle fr ture ul } t I 


i ‘ ‘ il st whe i severe notch ts preset 
specimen. On th Wal I I I t 


{ \ { t i ¢ t fer impact stresses 
tures some SO : } ar r te t transition range ot 
plastic deformation at esser 


I t ) e effect other than that 
when ‘ ? Was intent 


i ’ i i ransition range with thick 
lower re than the fram issemblies might possibly 
relative to ame if it might be expected 
contraction was prevented t nt I deform 

tion did not take place, additional 


superimposed on the specimen. In 


would be 
specimer 
extended at constant stresses and the state 
unchanged. This becan 


specimens warm 


mained 
© obvious when been carried out 
room temper vy, the tollowing 
found Slightly K ilting 
of stress at room temperatu tion in the tests that res 
In the present series of experiments care was taken that t nt K y welding have an embr 
there was no appreciable difference in temperature between 

the frame and the specimen. A notch was introd 

and it was thought that the residual stresses mizht rit ‘ might ir in the absence o 
sufficiently intensified by the notch to | 


making it lable to 


iced peratures than those at 


if the te rature were low enough, would then rapid la ess sufficient severity may 

progress through the entire cross section. This. howeve I fracture of welded = assen 
did not happen in test No nd assume i ! ‘ rnal stresses, but on 
that despite the severe restrain r 


lv if 
the temperature 

| st ‘ 1 a severely notched 
It is just vabl re | 


IS 


value in the critical cross 
ire : C ‘ 1b 1 a ductile manner 
and rewelding a some meas strength would still be 
S specimen, at ¢ completo 
Stresses were not as ) cen no indication that brittle 
normally be expected to t iv the structure is ata tempera 
ing cracks, however, took place | t of the mater 
equally conditions of restraint as the or nit ep ( vere notches and complex 
assumption does not appear states ¢ These tests were carried out 
ely that the cond y ra s 1 


" : e that cond 
not produce stresses high i star L i assemblies 
m the butt weld to produce fatlu 


Stress in specimens Nos 
s effective ly . | fener A 

re —s RECOMMENDATIONS FOR FURTHER WORK 

wicnt to 

initiate and propagate the crack IS also poss that th | 


prob 


ably much higher and as apparer sull 


fillet welds connecting the stiffener produced tr 


intial stresses 
which 


avated the conditions at the bottor 
An interesting fundamental point. ts 1 by € 
experime It has been suggested that britt 

take piace 

Stren yth 


| 


cleal 


eh 


less the stress reaches w 


material. Th 


t t ra in temperature 
temperatur we I 


n of notched 
nd 
indee 


| st be remember: different 
and, inet t h 








recommended to repeat 


sith three similar materials t using 
ndlies in order to determi whether 
ot 
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ARGOV-ARC WELDING OF COPPER 


This report reviews } wition of 


shielded arc welding o ) given in the techn 
literature, together wit! Pi Observations from \ 
carried out in the B | laboratories 
report: was issued to the Associati 
December, \950 

By J. H. Coir, M.Sc 


INTRODUCTION possible to tt ¢ trom completely 
i t stor i ven circuit vita 

In inert-gas-shielded arc welding, usually reterre ‘ ‘ vORte 
tuirly steady 


ve 1).¢ 


argon-are welding in Great Britain, an are is drawn between 
a non-consumable electrode, u ly pure tungsten 
work piece. The electrode and in the vic 
the are are shielded trom the ¢ an atmosphere « 
inert gas, helium or argon, which is introduced rot 
electrode. Any filler metal required ts added independently 
Inert-gas-shielded arc welding was tirst applied industrially 
tor the welding of magnesium. Some time later it was 
to stainless steel and aluminium where it has 
progress. More recently it has been applied to 
the less common metals with success. In many cases metals 
and alloys impossible to weld by other methods have been 


welded while in other cases the imert gas shielded welds ', n 
bloc 
have proved more economical and given better physical hacdicnimiesl 
s destrovec 
properties than welds produced by other methods ; ; 
t thorimated 
In order to tusion weld a metal, heat must be put into the 
; ; Trequeney curre 
fusion zone more rapidly than it can be conducted away 
Thus, because of its high thermal conductivity, the welding 


of copper is more difficult than most other metals. Preheating 


of the whole work piece will help ots 


With thin sections of copper an oxy-acetylene flame can 


put sufficient heat into the metal to melt it, but this becomes 


more difficult 


as the section thickness increases unless a 
lower melting point alloy is used to form the joint. This ts 


rot always acceptable because of the corrosion aspect 

The electric are is the most intense source of heat available 
for welding. Metallic are welding of copper has been tried “ee 
with not very satistactory results. Carbon-are welding using a 


al 1} { 


table 
uxed filler rod 


has been used with some success. Inert 
vas-shielded arc welding appears to offer the best solution 
son the ct 
has the tollowing advantages over > other method 
is the following advantages over the other methods the end of the ele 
lux rece I 
1) t IS NOL Necessary ‘ im up of the clectrode 
(h) The concentrated heat source gives higher welding il a ; NE Jed end 
speed ’ 
pres nsumable ) r } been tned, but with 
(c) The heat-affected zone is narrower pment u , Mt possit to Maintain a Ste 
(7d) Distortio . ' { 
| ortion 1s less iocnas) an : + at the i oas-shielded meta 
(¢) Reducing gases are absent 
(f) Welds with better physical properties are obtained 


ercome 


HNrone 


REQUIREMENTS FOR ARGON-ARC WELDING OF 
COPPER 

(a) Power Supply 

The usual power recommended ts direct current as supplied Zz Of cK rin America has been carried 
by the normal wel generator, with the electrode negative j vy nelum as elding gas. C omparative 
Some investigators have welded pure copper and its alloys ry , similar re The are 
ising alternating current and this is recommended for some chum ! r tha i ingon ence the e1 
of the alloys, ie. aluminium bronze. Laboratory tests have | rth i rrent reat r the same reasc 


indicated that using a “leaky reactance” controlled trans currer n an argon er an that in a helium 
' 


tormer in open circuit voltage otf 20 volts. it was not tor th sal irrer tting WS means that either 





600 deg. I 


1000 deg. I 
OOO deg t 
000 deg. t 


OOO he } 


the same current u iF is I contalt : i n, | percent 
to get the same weld { mangan n r COppe Hee ised successfully 


when using a! Bases as al I ia , containit cent. copper, 1S per 





protecting the e¢ in 1\ an I phosphorus These brazing materials 
} 


ugh a greater me ot \ melting point than copper and so offer 


her less preheat or greater welding speed 
towards copper, has al been tr i in the cold-worked condition, 
resulted and there was c¢ ! t nea ( adjacent to the weld may be narrower 


the electrode. This was rre r rod were used. They are also helptul 
ms to thick sections. Alloys containing 


imes which make the brazing more 


WELDING TECHNIOULE BUTT WELDS 
i) I / 


With tl | ! under . ou thick a square edge close 


tiller metal is satisfactory 

r rod are usually porous 
. in. thick the usual preparation ts a 
bevel, although up to } in. thick a square 
iy be used. For thicknesses over } in. a 
ces the amount of filler metal required 


chemical ves ki : ( t from grease, dirt, ete 
of the wel 
the parent 
er cent. ¢ | \ { is carried out in the downhand 
the plates horizontal or inclined § to 10 deg 
a protective atmosphere ro ie i I ) recuion of welding 
but owing to the extret at itist ry welds have been made using a two-operator 
small percentage of au bo chr Wit he plate in the vertical position and an 
lation may take place. To « act itor yon eact 
to have some deo, 
tions ter th 
vive increased stre he ) 7 ; id and so except when welding 
idditions of phosphor . th . t a vy bar is normally used. The backing bar 
the resultant \ 1 1d | ind is either rigidly clamped or else tacked 
table | iterh ) t st run is melted into the backing bar to 
per cent ’ | ‘ n nsur f te penetration. After filling the weld groove 
copper us xv ‘ chipped off and, if necessary, a sealing 
of the weld. Welding without a backing 
irried out by leaving a { in. land at the 
After tilling the groove the back was 
1d metal and a sealing run laid down 
ne side without a backing bar can be 
yutting down a small run and gradually 
th additional runs. This requires much 


es a rough ar re ar surface at the 





The num passes req 
depends on the current 
fiameter of the filler 


sing a Dacaking Dar 


sing pass using a I It ‘ 1 400 


current \ a preheat temper ire of L000 
tewer the imber Of passes the shorter the ove 
time, hence with high prehe it tempe 
economica veld with a single pass if poss 


nv atl 
ing a 


ect } on 


properties 


There ST removed a) at for Isc 
containers, ¢ isual rrind the weld fi 
plate on wu irfaces in iact with proc 
process 


Hammering after welding 1 ! ei the strength of the 


joint in thin’ sections particularly it S porous 
Hammeru L Ss not neecessaly on 


welds 


FILLET WELDS 
Very little information has been published regarding fillet 
welds - its, etc., although lap joints have been 


vas-Shielded arc welding process ts 


et welding and there does not appear 


to be any ison why satisfactory fillet welds cannot be made 
n copper 


The requireme thi \ } av be such that a 


PLATE MATERIAL 
Commercial copper sheet and plate is ava 
distinct forms tough pitch copper containing a 


{ 


0-04 per cent \ and deoxidised copper 


lable I 


Copper plus 30,000 

2S per cent. Si ( 

7§ per cent. Sr 33.000 

1S per cent. Mr 

Copper plus 29,400 

25 per cent. S 
opper plus pto 30,.000* 
per cent 
per cent 


per cer Mr 


e€ coppe 
oxide eutectic 
copper grains, al 
redu 
causes d reauet 
the oxide ts 


effect on the 


ted in the we 
eutectic 
ictility 


the 


metal 
vy gases such as h 
yurce of hydrogen 
possible impurity 
in the atmosphere 
oven diffuses tl 
rm steam which 
causes porosity 
the advantage 
the reducing gases, hydrog 
to Cause this porosity 
nf 


« 


rence of the are ce 


xv. phosphorus) partially vola 


r 
» obtain sound 
the parent plate mus 
etal should contain 
iz elements 
welds in tough pitch copper 
y aS regards ductility as 
r welding speeds may assist 
ts but the ductility will always 


n sound welds in deoxidised 


ly used will destroy 
Even without pre-heat 
n the annealed conditiot 
ot be greater than that of th 
{ 


fracture in the tens 


innealed zone 


the electrical resistance 








Electrode 


By eter ‘ ft 


60-90 
RO. 150 
100. 200 
150-2 
290.300 
140-400 
280-400 
400-500 


ry sparse 


he resistance across the 


reintorcet removed was IS per cent 
An 


that « 


the 


reinforcement will 


inc 


COPPER ALLOYS 


Large tank ot 


and | 


alloy approxim 


cent, copper Micon per cent. n 
have been welded i filler metal of the same 


Tabl 


composi 
Hl 


and has 


tion. Typica onditions are shown 1 
Aluminiun ha 
also been 


It 


using 


n C 


been satisfactorily weldes 


copper alloys to give a hard 
this be 


fed metal are welding 


Surface 
has beer that 


the 


bxampk 


alloy can readily welded 


quoted in the literature showing the 


welding of m« ormal copper alloys even including a 
70-30 bra per cent. lead. Alloys containing 


vic give otf which may upset the wel 


The 
1\ fect { 


to small differences in composition 


der, but do 
not greatly velding process colour match ts 


not aiw 


and structure b ¢ parent metal and weld deposit 


CONCLUSK 


Deoxicise plate can be welded by this 
of the 
tough 
late can be welded, but the physical 
properties ¢ a ! 


\ 
method, the 
fully 


pitch) coppe 


the strength and duculity 


anneal Oxygen-contaming (Le 


re variable Alloys of copper can 


led 
CC 


Gas Flow 


hr 


Edge Preparation 


qjuare cdge close but 
quar {ge close butt 
quare edge oper 
Squar 
W) deg. de 
W) deg 


WG 


butt of 


WH) deg 
9O dex 


bevel 


edge open butt or bevel close butt 


el close butt 
bevel close butt 
ingle or double bevel close butt 


tt 


single or double bevel close bu 
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